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Abstract 
The present study highlights a multi response optimization approach to determine the optimal process parameters in wire 
electrical discharge machining process during taper cutting operation. Experiments have been conducted using six process 
parameters such as part thickness, taper angle, pulse duration, discharge current, wire speed and wire tension each at three levels 
for obtaining the responses like angular error, surface roughness, and cutting speed. Taguchi’s L27 orthogonal array is used to 
gather information regarding the process with less number of experimental runs. Traditional Taguchi approach is insufficient to 
solve a multi response optimization problem. In order to overcome this limitation, utility theory has been implemented, to convert 
multi-responses into single equivalent response called overall utility index. The weight for each criterion (response) is obtained 
by analytical hierarchy process (AHP) instead of using intuition and judgement of the decision maker. ANOVA analysis is also 
carried out to find out the significant effect of the process parameters during taper cutting in WEDM process. Finally 
confirmation test has been carried out to verify the result. 
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1. Introduction 
Wire electrical discharge machining (WEDM) has become an important non-traditional machining process as it 
provides an effective solution for producing components made of difficult-to-machine materials like titanium, 
zirconium, tungsten etc. and intricate shapes which are not possible by conventional machining methods. It is 
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basically a thermo- electrical process in which material is eroded by a series of sparks between the work piece and 
the wire electrode (tool). WEDM has become one of the popular processes for producing precise complex 
geometries with inclined surfaces in hard materials such as those used in the tooling industry. The so called taper 
cutting involves the generation of inclined surfaces and possesses significant bearing in manufacturing of tooling 
requiring taper or draft angles. In this case, the taper angle is achieved by applying a relative movement between the 
upper and lower guides as shown in Fig. 1. During taper cutting operation in wire-EDM, the wire is subjected to 
deformation resulting deviations in the inclination angle of machined parts. As a result, the machined part losses its 
precision. Hence, selection of the process parameters is a major issue in the field of taper cutting operation in 
WEDM. However, the traditional Taguchi method cannot solve the multi-objective optimization problem. To 
overcome this limitation, utility concept is applied to simultaneously optimize the process parameters for minimizing 
angular error and surface roughness and maximizing cutting speed during taper cutting in WEDM. In the proposed 
approach utility values of individual responses are used to calculate the overall utility index which is treated as the 
single equivalent response. The utility theory requires the priority weight for each response to calculate the overall 
utility index. In the present work, Analytic Hierarchy process is employed to obtain the weight for each response 
instead of using intuition and judgement of the decision maker. Finally the overall utility index is optimized 
(maximized) by using Taguchi method. The significant effect of process parameters are also carried out by ANOVA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Theoretical and actual location of the deformed wire in tapper cutting of WEDM 
2. Literature Review 
    In today’s manufacturing scenario, the development of precision and die industries not only requires more 
productivity, tolerances and dimensional accuracy but also demands complicated profiles with inclined or curved 
surfaces. Hence, tapering process is one of the most important applications of WEDM process. The problem of taper 
cutting is proposed first time by Kinoshita et al. (1987). They have developed a linear model for wire deformation 
neglecting the forces produced during the process. Sanchez et al. (2008) presented a approach for the prediction of 
angular error in wire-EDM taper cutting. They analyzed the factors that influence angular error in taper cutting that 
leads to the development of experimental and numerical methods for the prediction of the error. Plaza et al. (2009) 
developed two models for the prediction of angular error in WEDM taper cutting and found that part thickness and 
taper angle are most influencing variables. A computer simulation approach is adopted by Sanchez et al. [4] for 
analysis of angular error in wire-EDM taper cutting to minimize verification by experimentation. Chiu et al. (2007) 
have carried out an on-line adjustment of the axial force imposed by the machine on the wire in taper cutting. Huse 
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and Su (2004) have developed a theoretical model and concept of inclined discharge angle for material removal 
analysis of WEDM’s tapering process and proposed a strategy including control of discharge power and wire 
tension for improving efficiency of the process. However a limited number of studies deal with the effect of process 
parameters on angular error during taper cutting operation in WEDM process. With a view to alleviate this 
difficulty, a simple but reliable method based on Taguchi’s design of experiment is used in the present work for 
investigating the effect of various process parameters on angular error, surface roughness and cutting speed.  
However, Taguchi method fails to solve multi objective optimization problems. To overcome this shortcoming, in 
the present work, Utility concept has been explored to aggregate multiple responses (objective functions) into an 
equivalent quality index (single objective function). The overall utility index has been optimized (maximized) 
finally by Taguchi method. However Utility concept requires the priority weight of each response to calculate the 
overall utility index. Hence, in the present work, the weight for each criterion (response) is obtained by analytical 
hierarchy process (AHP) instead of using intuition and judgment of the decision maker. ANOVA analysis is also 
carried out to find out the significant effect of the process parameters during taper cutting in WEDM process. 
Finally, a confirmatory test has been carried out to verify the optimal setting so obtained. The results from the 
confirmation runs indicate that the determined optimal combination of machining parameters improves the 
performance of machining process. 
3. Proposed Methodology 
Utility can be defined as the usefulness of a product or a process in reference to the levels of expectations to the 
consumers. The performance evaluation of any machining process depends on number of output characteristic. 
Therefore, a combined measure is necessary to gauge its overall performance, which must take into account the 
relative contribution of all the quality characteristics. Such a composite index represents the overall utility of a 
product/process. It provides a methodological framework for the evaluation of alternative attributes made by 
individuals, firms and organizations. Utility refers to the satisfaction that each attributes provides to the decision 
maker. Thus, utility theory assumes that any decision is made on the basis of the utility maximization principle, 
according to which the best choice is the one that provides the highest satisfaction to the decision maker (Rautara et 
al., 2010). 
According to the utility theory (Kumar et al., 2000 and Walia et al., 2006) if Xi is the measure of effectiveness 
of an attribute (or quality characteristics) i and there are n attributes evaluating the outcome space, then the joint 
utility function can be expressed as: 
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Here, Ui(Xi) is the utility of the ith attribute. 
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¸¸¹
·
¨¨©
§u 'log
i
i
i X
XAP
                                                                                                                           (4)  
472   Bijaya Bijeta Nayak and Siba Sankar Mahapatra /  Procedia Engineering  97 ( 2014 )  469 – 478 
Here, iX is the value of any quality characteristic or attribute i, 'iX  is just acceptable value of quality characteristic 
or attribute i   and A is a constant. The value A can be found by the condition that if *XX i  (where *X is the 
optimal or best value), then 9 iP Therefore, 
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The overall utility can be expressed as follows: 
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Overall utility index that has been computed treated as a single objective function for optimization. Among various 
quality characteristics types, viz. Lower-the-Better (LB), Higher-the-Better (HB), and Nominal-the-Best (NB) 
suggested by Taguchi, the utility function would be higher. In the proposed approach utility values of individual 
responses are determined to calculate overall utility index. Overall utility index is treated as the single objective 
function for optimization.   
However in the proposed work, the associate weight for each response required for calculation of overall utility 
index can be obtained with the help of Analytic Hierarchy Process (AHP), developed by T.L. Saaty (1980) 
following the steps listed below: 
a) Define the objective and identify the Criteria/ Alternatives. 
b) A pairwise comparison matrix (A) using the fundamental scale of the Analytic Hierarchy process Saaty (2008) 
has been constructed. 
c) The relative normalized weight (Wj) of each criterion has been calculated by the geometric mean method of AHP. 
The Geometric mean of rows in the comparison matrix can be calculated by 
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d) The maximum eigen value, λmax can be calculated by the matrix product of the pairwise comparison matrix and  
weight vectors and adding all elements of the resulting vector    
e) The consistency index (CI) can be determined by  
1 n
n-maxCI O                                                                                                                                                            (10) 
The smaller the value of CI, the smaller is the deviation from Consistency. 
f) Consistency ratio (CR) has been calculated by   
 RI
CICR                                                                                                                                                                        (11) 
where RI is the random index value obtained by different orders of the pairwise comparison matrices. Usually a CR 
of 0.1 or less is considered as acceptable indicating unbiased judgments made by the decision makers. 
4. Experimentation 
The experimental studies were performed on AC Progress V2 high precision CNC WEDM, which is 
manufactured by Agie-Charmilles Technologies Corporation. A wire commonly used nowadays for taper cutting, 
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the coated Broncocut-W (by Bedra), diameter 0.2mm, has been used for the experiment. This wire is used due to its 
low yield strength and high elongation property.  Deionized water is used as di-electric medium. Austenitic stainless 
steel 304 [69% Iron (Fe), 19% Chromium (Cr), 10% Nickel (Ni), 2% Manganese (Mn) and less than 0.08% Carbon 
(C)] of diameter 25mm and thickness of 20mm, 30mm and 40 mm respectively has been chosen as work piece 
material. The input and fixed parameters used in the present study are listed in Table 1. These were chosen through 
review of literature, experience, and some preliminary investigations. Their limits were set on the basis of capacity 
and limiting conditions of the WEDM, ensuring continuous cutting by avoiding the breakage of the wire. 
 
Table 1. Input parameters with different levels 
      
Input variables Unit Symbol 
Levels 
Level l Level II Level III 
Part Thickness mm A 20 30 40 
Taper Angle Degree B 5 6 7 
Pulse Duration μs C 14 16 18 
Discharge current Amp D 24 28 32 
Wire Speed mm/s E 90 120 150 
Wire Tension N F 12 14 16 
 
Angular error (AE), surface roughness (SR) and cutting speed (CS) were considered the three important output 
performance measures for optimizing machining parameters of WEDM taper cutting process. The surface roughness 
value (in μm) has been obtained by measuring the mean absolute deviation, Ra (surface roughness) from the average 
surface level using SURFCOM 130A. The angular error can be expressed in minute and calculated by the following 
formula:  
Angular error = -  
where θ is the programmed angle or the angle expected in the machined part. 
 is the actual angle obtained in the machined part due to the wire deformation as shown in Fig. 1. 
After machining, the angle of the inclined surface ( ) is measured with respect to the top surfaces using a Zeiss 850 
CNC coordinate measuring machine. 
For WEDM cutting speed is also a desirable characteristic and it should be as high as possible to give least machine 
cycle time leading to increased productivity. In the present study cutting rate is a measure of job cutting which is 
digitally displayed on the screen of the machine and is given in mm/min. 
In the present work, Taguchi’s L27 orthogonal array is used to gather maximum information regarding the process 
with less number of experimental run. The factors and their interaction are assigned to the columns by using the 
standard linear graph as shown in Fig. 2. (Peace, 1993 and Phadke, 1989) 
 
                          
Fig 2. Standard Linear Graph 
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Table 2.  Experimental results using L27 orthogonal array 
 
Exp.no A B C D E F Angular Error(minute) 
Surface  
Roughness(μm) 
Cutting 
Speed(mm/min) 
1 1 1 1 1 1 1 24.46 2.298 0.814 
2 1 1 2 2 2 2 36.35 2.168 0.997 
3 1 1 3 3 3 3 38.7 2.648 1.646 
4 1 2 1 2 2 3 40.65 2.746 0.9124 
5 1 2 2 3 3 1 41.82 2.806 0.993 
6 1 2 3 1 1 2 43.82 2.995 1.0452 
7 1 3 1 3 3 2 45.74 2.667 0.9056 
8 1 3 2 1 1 3 46.75 2.582 0.9256 
9 1 3 3 2 2 1 49.88 3.014 1.2458 
10 2 1 1 2 3 2 47.9 2.628 0.817 
11 2 1 2 3 1 3 56.36 2.758 0.952 
12 2 1 3 1 2 1 30.78 2.961 0.994 
13 2 2 1 3 1 1 49.25 3.096 0.832 
14 2 2 2 1 2 2 50.75 3.173 0.961 
15 2 2 3 2 3 3 41.6 3.442 1.382 
16 2 3 1 1 2 3 17.05 2.671 0.875 
17 2 3 2 2 3 1 27.93 2.961 0.9958 
18 2 3 3 3 1 2 17.18 3.299 1.027 
19 3 1 1 3 2 3 18.71 2.145 0.9954 
20 3 1 2 1 3 1 16.15 2.178 1.071 
21 3 1 3 2 1 2 17.16 2.224 1.1025 
22 3 2 1 1 3 2 33.95 2.316 0.9795 
23 3 2 2 2 1 3 37.7 2.348 1.0568 
24 3 2 3 3 2 1 28.81 2.597 1.435 
25 3 3 1 2 1 1 37.83 2.614 0.7002 
26 3 3 2 3 2 2 36.8 2.884 1.1354 
27 3 3 3 1 3 3 27.33 2.966 1.66 
5. Results and Discussions 
The experiments are conducted using Taguchi’s L27 orthogonal array design of experiment and the response 
values are calculated as described in section 4. The experimental results of responses as shown in Table 2 have been 
explored to calculate utility values of individual quality attributes (also called preference number) by using Eqs. (4-
5). In the present work, in order to determine the weight of each criterion of WEDM, a pair-wise comparison matrix 
as shown in Table 3 is developed using AHP method.  The criteria weights are obtained as WAE = 0.6369, WSR = 
0.2582 and WCS = 0.1047 by Eqs. (8-9) respectively. The value of CR is calculated as 0.0192 which is less than the 
allowed value of CR (=0.1), indicating the fact that there is a good consistency in the judgments made by the 
decision maker while assigning values in the pair-wise comparison matrix. 
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Table 3: Pair-wise comparison matrix 
 
CRITERIA C1 C2 C3 
C1 1 3 5 
C2 1/3 1 3 
C3 1/5 1/3 1 
 
The overall utility index has been computed using Eq. (6) in associated with the weights of each response obtained 
from Analytic hierarchy process as shown in Table 4.  
 
Table 4 Utility value of individual responses 
          
Sl.No 
Individual Utility Values 
Overall Utility Index AE SR CS 
1 6.0107 7.6888 1.5701 5.9791 
2 3.1581 8.7970 3.6845 4.6697 
3 2.7070 4.9908 8.9117 3.9467 
4 2.3530 4.2992 2.7600 2.8983 
5 2.1486 3.8879 3.6426 2.7543 
6 1.8122 2.6474 4.1767 2.2756 
7 1.5035 4.8548 2.6820 2.4925 
8 1.3462 5.4712 2.9097 2.5754 
9 0.8795 2.5270 6.0073 1.8421 
10 1.1712 5.1351 1.6085 2.2408 
11 0.0000 4.2163 3.2029 1.4244 
12 4.3558 2.8646 3.6531 3.8971 
13 0.9710 2.0162 1.7982 1.3276 
14 0.7550 1.5486 3.3010 1.2266 
15 2.1866 0.0000 7.0890 2.1353 
16 8.6095 4.8262 2.3236 6.9740 
17 5.0555 2.8646 3.6719 4.3447 
18 8.5548 0.8075 3.9936 6.0761 
19 7.9405 9.0000 3.6677 7.7666 
20 9.0000 8.7094 4.4310 8.4464 
21 8.5632 8.3117 4.7332 8.0971 
22 3.6499 7.5403 3.4998 4.6390 
23 2.8955 7.2791 4.2918 4.1739 
24 4.8321 5.3609 7.4814 5.2461 
25 2.8707 5.2368 0.0000 3.1812 
26 3.0695 3.3661 5.0398 3.3524 
27 5.2118 2.8325 9.0000 4.9940 
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Analyses of the results presented in Figure 3 lead to the conclusion that the third level of part thickness (A3), first 
level of taper angle (B1), third level of pulse duration (C3), first level of discharge current (D1), second level of wire 
speed (E2) and first level of wire tension (F1) provide the maximum value of overall utility index. 
Analysis of variance (ANOVA) is carried out to investigate the significant effect of each parameter and their 
interaction in relation to overall utility index. From the Table 4, it is evident that part thickness, taper angle, pulse 
duration discharger current are the significant parameters for overall utility index value during tapering process of 
WEDM. 
Fig. 3 Effect of control parameters on overall utility index 
 Table 5 ANOVA for overall utility index 
 
Factor  DF Seq SS Adj SS Adj MS F P 
Part thickness        (A) 2 30.699 30.699 15.3495 215.60 0.000 
Taper angle           (B) 2 21.801 21.801 10.9005 153.11 0.000 
Pulse duration       (C) 2 1.936 1.936 0.9679 13.60 0.006 
Discharge current  (D) 2 3.689 3.689 1.8443 25.91 0.001 
Wire speed           (E) 2 0.442 0.442 0.2212 3.11 0.119 
Wire tension         (F) 2 0.264 0.264 0.1319 1.85 0.236 
        A×B 4 49.954 49.954 12.4886 175.42 0.000 
        A×C 4 5.956 5.956 1.4889 20.91 0.001 
        Error 6 0.427 0.427 0.0712   
        Total 26 115.168         
 
After the optimum level of machining parameters has been identified, a verification test needs to be carried out in 
order to check the accuracy of the analysis. The predicted value of overall utility index has been determined by the 
following formula (Singh and Kumar, 2009) 
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 and p is the number of process parameters have the significant contribution in multi performance    
characteristics. 
The optimum parameters for overall utility index value as shown in Fig 3 are A3B1C3D1E2F1 and the significant 
parameters are A3, B1, C3, D1, A3× B1, A3×C3. However in the present work instead of considering the above 
optimum parameter setting we have chosen an another set up of significant parameters for the prediction of overall 
utility index. Hence the predicted overall utility index value has been calculated by using Eq. (12) for the new 
significant parameter set up A3, B2, C3, D1, A3× B2, A3×C3 which is not available in the L27 experimental runs. A 
confirmation experiments with sample size of ten has been conducted to confirm the predictive relationship. The 
95% confidence interval of confirmation experiments (CICE) is calculated by using the Eq. (13) as given below.  
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where, Fα (1, fe) = F-ratio at the confidence level of (1-α) against degrees of freedom (DOF) 1 and error degree of 
freedom fe, R = Number of replication or the sample size for confirmation experiment, Ve = error 
variance,
DOF
Nneff  1 , N = total number of  experiments, and DOF = total degrees of freedom associated in the 
estimate of mean response. 
Therefore by using Eq. (12), the predicted means for the overall utility index is found 6.381. Ten confirmation 
experiments have been conducted to validate the predictive equation considering neff  = 27 / (1+16) = 1.58, N = 27, 
R = sample size for confirmation experiments = 10, Ve = Error variance = 0.0712, fe = error DOF = 16 and f0.05 (1, 6) 
=5.9874. The confidence interval is calculated as ± 1.767. Hence, the predicated confidence interval for 
confirmation experiments is: 4.614 < ηopt < 8.418. The actual average of ten overall utility index values of 
confirmation test is found to be 6.589 whereas the predicted overall utility index value at optimum parameter setting 
is 6.381. Since the overall average of the observed values of the response characteristics fall well within the 95% 
CICE of the optimal range of the response characteristics, it is confirmed that predictive equation obtained by 
adopting Taguchi procedure can be used for prediction of response for any parametric combination.   
6. Conclusions  
Taper cutting operation is a major concern among the tool engineers while producing tools and dies for complex 
parts involve tight corners, deep slots and feature at multiple angles using wire electrical discharge machining 
process. The Taguchi method seems to be an efficient methodology to find out the optimum cutting parameters for 
taper cutting operation as experiment was based on minimum number of trails conducted to obtain optimum setting 
for cutting parameters. Utility concept is efficient to solve a multi-response optimization problem. This approach has 
the capability of including more number of quality characteristics and process parameters. The predictive equations 
for overall utility index relating to the process parameters have been successfully developed and confirmation 
experiments are also carried out to validate the models. 
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